The TLE proteins are the mammalian homologues of Groucho, a member of the Drosophila Notch signaling pathway. Notch signaling controls the differentiation of a variety of tissues in invertebrates and vertebrates. We are investigating the role of the TLE genes during mammalian development. We show that TLE I and TLE 3 are expressed during a number of cell-determination events, including embryonic segmentation, central and peripheral neurogenesis, and epithelial differentiation. This expression pattern is in agreement with the involvement of Groucho in similar fate choices in Drosophila and suggests that Groucho and TLE proteins perform similar developmental roles. Our results also show that TLE genes are co-expressed during a variety of cell-fate choices with several vertebrate homologues of genes implicated in the Drosophila Notch cascade, suggesting a role for the TLE proteins in mammalian Notch signaling.
Introduction
The Notch signal transduction cascade is an evolutionarily conserved pathway that controls cellular interactions important for the specification of a variety of fates, including neural, epithelial, muscle, and hematopoietic lineages (reviewed in Ghysen et al., 1993; ArtavanisTsakonas et al., 1995) . Notch signaling does not play an instructive role during cell determination, rather it prevents or delays the differentiation of uncommitted precursor cells, thereby determining the length of the time during which these cells are competent to respond to inductive cues (reviewed in Artavanis-Tsakonas et al., 1995) . For instance, the Notch cascade mediates a restrictive lateral specification mechanism during Drosophila embryonic neurogenesis, whereby cells that were initially instructed to differentiate into neuroblasts are prevented from doing so and rendered competent to enter the epidermal lineage instead (reviewed in Ghysen et al., 1993) .
The products of several genes that exhibit phenotypic interactions with Notch in Drosophila have been implicated in Notch signaling (reviewed in Artavanis-Tsakonas et al., 1995) . In particular, genetic and molecular evidence identified two groups of proteins as important intracellular elements of the Notch cascade. These are the products of the grouch0 gene and the hairy/Enhancer of split-complex gene family (Hartley et al., 1988; Klambt et al., 1989; Delidakis et al., 1991; Schrons et al., 1992) . grouch0 encodes a predominantly nuclear protein (Delidakis et al., 1991) structurally related to the yeast transcriptional regulator, Tupl (Williams and Trumbly, 1990) , while the hairy/Enhancer of split family codes for a number of related DNA-binding proteins containing the basic helix-loop-helix (bHLH) motif (Klambt et al., 1989; Rushlow et al., 1989) . Both genetic and molecular analysis showed that Groucho and Hairy/Enhancer of split proteins can interact to form transcription complexes (Paroush et al., 1994) . Some of these complexes negatively regulate the expression and/or function of differentiation genes that are under the control of Notch signaling. For (Ohsako et al., 1994; Paroush et al., 1994; Van Doren et al., 1994) . We have been studying the role of Groucho during fly as well as mammalian development. We characterized a family of human homologues of Groucho, designated as the TLE proteins, and showed that they share a number of molecular properties with their Drosophila counterpart (Stifani et al., 1992) . groucho-related genes were also identified in rodents (Mall0 et al., 1993; Miyasaka et al., 1993; Schmidt and Sladek, 1993) . Furthermore, we demonstrated that human Notch and TLE genes are coexpressed in developmentally immature epithelial cells that are progressing towards the differentiated state. Expression then normally ceases or decreases in terminally differentiated epithelial cells (Zagouras et al., 1995; Liu et al., unpublished) .
Cells resulting from either incorrect or incomplete epithelial differentiation exhibit elevated expression of both Notch and TLE proteins, suggesting a requirement for the co-expression of these molecules and implicating their function in a common pathway important for epitbelial development (Zagouras et al., 1995; Liu et al., unpublished) .
In this paper, we describe the results of studies aimed at investigating the expression of individual TLE genes during mouse embryonic development. Using a combination of immunohistochemical and in situ hybridization (ISH) studies, we show that the expression of the TLE I and TLE 3 genes correlates with segmentation, central and peripheral neurogenesis, and epithelial differentiation. This expression pattern is in agreement with the involvement of Groucho in similar fate choices in Drosophila (Paroush et al., 1994) and suggests that Groucho and TLE proteins perform similar functions. We also show that TLE expression coincides in most cases with the expression of a number of other homologues of members of the Drosophila Notch signaling pathway, supporting the contention that these proteins may be part of common signaling mechanisms in mammals.
Results
We have begun to address the question of whether or not the TLE proteins play developmental roles similar to Drosophila Groucho by examining the expression of individual TLE genes during mammalian embryogenesis. We first determined the TLE temporal expression pattern by performing both Western and Northern blotting experiments.
For the former investigations, we utilized monoclonal antibodies that recognize the entire TLE protein family ('panTLE antibodies') and had previously been used to determine TLE expression in both cell lines and tissues (Stifani et al., 1992; Zagouras et al., 1995; Liu et al., unpublished) .
Western blotting analysis of protein preparations from various mouse embryonic stages and postnatal tissues revealed that the TLE proteins are expressed at least as early as embryonic day (E) 8 and then continue to be expressed throughout development (Fig.  1) . To follow the expression profile of individual TLE genes, we utilized TLE 1 and TLE 3 specific riboprobes (see Section 4). These probes hybridized to distinct transcripts on Northern blots of staged mouse embryonic poly(A)+ RNA. The TLE I probe recognized a transcript of roughly 4.0 kb and the TLE 3 probe hybridized to two transcripts of roughly 3.7 and 4.2 kb, respectively. The temporal expression of these transcripts matched the expression of the TLE proteins shown in Fig. 1 (not shown). We next determined the spatial profile of TLE expression by performing immunohistochemical and ISH studies with the panTLE antibodies and the TLE 1 and TLE 3 riboprobes, respectively.
TLE expression correlates with somitogenesis
Groucho function is required during Drosophila embryonic segmentation (Paroush et al., 1994) . We therefore examined TLE expression during the early events that lead to the establishment of the segmented structure of the mammalian embryo, beginning with somite formation and patterning. Somite development involves a number of cell-fate choices, starting from the commitment of multipotent presomitic mesodermal cells to a general epithelial determination program, followed by a process that diverts a subset of somitic cells into an alternative, mesenchymal fate (reviewed in Keynes and Stern, 1988; Tam and Trainor, 1994) . As a result, somites become patterned into ventral sclerotome and dorsal dermomyotome compartments. The sclerotome will give rise to the vertebrae and ribs of the mature organism, while the dermomyotome will give rise to axial and limb musculature, as well as dermal derivatives.
Our studies revealed the presence of TLE 3 transcripts in the posterior presomitic mesoderm subjacent to neural plate tissue at the caudal extremity of the primitive streak region of E8.5 embryos (not shown). At E9.5, TLE 3 ex-pression was still detected in posterior cells situated in the recurved more distal portion of the tail ( Fig. 2A) , where multipotent presomitic mesodermal cells are located (Tam and Tan, 1992) . Although TLE 3 expression was very low in recently condensed epithelial somites (Fig. 2B) , it was readily detectable in more mature somites. At E10.5, both ventral mesenchymal cells of the sclerotome and dorsal epithelial cells of the dermomyotome displayed TLE 3 expression (Fig. 2C) ; this pattern extended along the anteroposterior axis to the level of the most occipital somites. TLE 1 transcripts displayed a similar expression pattern, and control sense probes for both TLE I and TLE 3 did not show hybridization signals (not shown). These results were confirmed by immunohistological studies with the panTLE monoclonal antibodies. TLE proteins were detected in the nuclei of both sclerotomal and dermomyotomal cells, as well as in cells of the differentiated myotome, the primordium of the axial musculature (Fig.  2D ). Immunohistochemistry revealed higher TLE expression in dermomyotomal cells than ISH (cf. Figs. 2C,D). It should be stressed that since the panTLE antibodies recognize the entire TLE population, this difference may be due to a higher expression in the dermomyotome of TLE genes other than TLE 1 and TLE 3. These combined results show that TLE expression correlates with the specification of both sclerotomal and muscle lineages from epithelial somites. We also observed that TLE expression marked other mesodermal derivatives, including the endothelial cells of the lining of the heart (not shown).
These studies thus show that TLE genes are expressed in developmentally immature cells of the presomitic mesoderm and epithelial somites at the time when they are undergoing cell-fate choices important for the specification of lineages that will contribute to the establishment of the anteroposterior axis of the developing embryo.
TLE expression correlates with the formation of sclerotome-derived axial structures
As embryonic development proceeds, mesenchymal cells of the sclerotome gradually migrate to the spaces surrounding the notochord and spinal cord and eventually envelop these structures to form the metameric series of vertebral bodies and intervertebral discs of the axial skeleton (reviewed in Christ and Wilting, 1992) . TLE expression in sclerotomal cells suggests that these genes may be involved in the development of the vertebral column. Consistent with this possibility, at E12.5 we detected TLE transcripts in the loosely packed condensations of the perichordal tube that give rise to the vertebral bodies (not shown). TLE expression persisted in the developing axial skeleton at later stages and at E14.5-E16.5 we observed that TLE 3 transcripts were predominantly localized to the vertebral bodies, while TLE 1 expression was higher in the intervertebral discs (Fig. 3 ). This result suggests that TLE I and TLE 3 may have partly overlapping but distinct roles during axial skeletogenesis. TLE expression was also detected in the bodies of ribs and neural arches, as well as in the products of occipital somites, such as the cartilage primordia of the atlas and axis (Fig. 3) . The cartilage primordia of a number of other bones, including the tibia, fibula, and femur, also exhibited TLE expression (Figs. 3A,B), consistent with a general involvement of the TLE proteins in skeletogenesis. Altogether, the demonstrated role of Groucho during Drosophila embryonic segmentation (Paroush et al., 1994) and the expression pattern of the TLE genes during somitogenesis and axial skeletogenesis are consistent with the possibility that the TLE proteins are involved in cellfate decisions important for mammalian embryonic segmentation.
TLE expression correlates with the formation of neural crest derived tissues
In addition to the axial skeleton and musculature, the anteroposterior axis of a vertebrate embryo is defined by a number of other structures, including facial elements and sensory ganglia, that are the products of cell lineages originating from the commitment of dorsal ectodermal cells to the neural crest lineage. Neural crest cells are pluripotent precursors that give rise to a number of different cell types, including neurons and glia of sensory and autonomic ganglia, skeletal and connective tissues of the head, and pigment-containing cells of the epidermis (reviewed by Le Douarin, 1992).
To ascertain if the TLE genes are expressed in neural crest cells and their derivatives, we monitored their expression at different developmental stages. At E9.5-E10.5, TLE expression was detected in cells located dorsal and lateral to the spinal cord, likely corresponding to migratory neural crest cells (Fig. 4A) . Moreover, TLE transcripts were present in tissues containing neural crest cells that had emigrated from their original location. Expression was prominent within the first branchial arch (maxillary and mandibular components), and lower expression was monitored in the second branchial arch (Fig.  2A) . The mesenchyme that derives from these branchial arches gives rise to the majority of the facial structures, including jawbones, the nasal process, the palate, the tongue, and most of the facial cartilage and musculature (Gilbert, 1991) . Indeed, in older embryos (E12.5-E16.5), we detected TLE expression in a number of structures of both first and second branchial arch origin, such as the Meckel's cartilage, the cartilage primordium of the hyoid bone, the nasal septum, and teeth primordia (Figs. 3A,B , 4B,C). We also noticed high TLE expression in the skin epidermis and whisker follicles (Fig. 4C ), in agreement with expression studies in human epithelial tissues (Zagouras et al., 1995; Liu et al., unpublished) .
In addition to skeletal and connective tissues of neural crest origin, TLE genes were also expressed in neural crest derived ganglia of the peripheral nervous system, Fig. 3 . TLE expression during axial skeletogenesis and gangliogenesis. Hybridization of either TL.E 1 (AC) or TLE 3 (B,D) riboprobes to sagittal sections of either El45 (A,B) or El65 (CD) embryos. (A,B) Both TLE I and TLE 3 transcripts are observed in the anlagen of the vertebral bodies (vrt) and intervertebral discs (ivd), but while TLE 1 expression appears higher in the latter (A), TLE 3 expression is mostly confined to vertebral bodies (B). TLE expression is also high in the central nervous system, in facial structures of neural crest origin (fms), and the cartilage primordia of bones, such as the tibia (tb) and femur (fm). (CD) TLE expression is high along the entire vertebral column, with TLE I being more highly expressed in intervertebral discs (C) and TLE 3 in vertebral bodies (D). Both genes are highly expressed in dorsal root ganglia (drg), where they are found predominantly in cells located around the periphery. Expression is also high in the skin (open arrow). Abbreviations: (atl), atlas; (axs), axis; (drg), dorsal root ganglion; (fbr), forebrain; (fm), cartilage primordium of femur; (fms), facial mesenchyme; (hbr), hindbrain; (ivd), cartilage primordium of intervertebral disc; (mbr), midbrain; (rib), cartilage primordium of rib; (spc), spinal cord; (tb), cartilage primordium of tibia; (vrt), cartilage primordium of vertebral body. Mag-
including trigeminal, facial, and dorsal root ganglia (drg) (Figs. 2D, 3C ,D). We noticed that the level of TLE protein expression was higher at later stages of peripheral gangliogenesis (i.e. E15-El&S) (Figs. 3C,D) than at earlier stages (i.e. ElOS-E12.5) (Figs. 2C,D) .
Thus, the expression of TLE I and TLE 3 correlates with the formation of a number of cranial structures, including skeletal elements, and with peripheral neurogenesis. In particular, TLE proteins are abundantly expressed in sensory ganglia at the time when the number and types of drg neurons are being determined by apoptotic cell death and differentiation mechanisms (Ruit et al., 1992) , and concomitant with the initial phases of peripheral gliogenesis.
TLE expression correlates with central neurogenesis
grouch0 plays an important role during Drosophila embryonic neurogenesis (Delidakis et al., 1991; Schrons et al., 1992) . We therefore monitored TLE expression during development of the mammalian nervous system. At E9.5-E10.5, when the neuroepithelium is still mostly composed of undifferentiated mitotic neural precursor cells, TLE proteins were detected along the entire dorsoventral axis of the neural tube. Their expression above the dorsoventral midpoint coincided mostly with layers of nuclei demarcating more apical cells of the neural tube (Fig. 4A) . Below the dorsoventral midpoint, where generation of spinal cord neurons normally occurs before specification of dorsal neuronal populations (Bayer and Altman, 1995) , we detected TLE proteins predominantly in the nuclei of cells located in the ventral horn regions, where presumptive motor neurons originate (Fig. 4A) . These results thus suggest that TLE expression at these stages marks progenitor cells destined to become spinal cord neurons. These observations were confirmed at later stages of neural development. At E12.5, when neurogenesis has started in the ependymal layer lining both the Expression is also observed in the olfactory epithelium (oe). (C) Shown is a sagittal section through the mouth region of an E14.5 embryo. TLE proteins are expressed in a number of cranial structures of neural crest origin, including the Meckel's cartilage (Mkc) and the primordia of upper and lower incisor teeth (thp). Expression is also prominent in the skin (skn) and whiskers (fol). Abbreviations: fms, facial mesenchyme; fol, whisker follicle; Mkc, Meckel's cartilage; nep, neuroepithelium; oe, olfactory epithelium; sep, cartilage primordium of nasal septum; skn, skin; thp, tooth primordium.
Magnifications: (A) 160x; (B,C) 100x.
neural tube and brain vesicles, TLE expression was high not only in the spinal cord, but also in the neuroepithelium of the telencephalic vesicles (future lateral ventricles) (Figs. 5A,B) . Expression was also seen in the neuroepithelium surrounding the mesencephalic vesicle, in the thalamic and hypothalamic regions of the diencephalon, and in the metencephalon (Figs. 5A,B) . At E14.5, when new neural cells are being generated in large numbers, both TLE I and TLE 3 continued to be highly expressed in the central nervous system. In particular, TLE 1 transcripts were abundant in the ventricular zone of the lateral ventricle and in the cortical plate (future cerebral cortex) (Figs. 3A and 5C ). TtE 3 transcripts were also detected in the ventricular zone and cortical plate, although they were lower in the former and appeared more abundant in the latter (Figs. 3B and 5D ). Other sites of TLE expression included the choroid plexus, the striaturn, the ependymal and mantle layers of the medulla oblungata, the cerebellar primordium, and the spinal cord (Figs. 5C,D) . At E16.5, when cortical development has proceeded further and several layers of newly generated neurons have come to reside in the cortical plate in an outside (younger neurons) to inside (older neurons) pattern with respect to the lumen of the ventricle (Bayer and Altman, 1995) , TLE expression continued to be high in both the ventricular/subventricular zone and the cortical plate (Figs. 5E,F) . TLE expression also persisted throughout the central nervous system (not shown).
Their expression in both the ventricular zone and the cortical plate suggests that TLE proteins are expressed in both multipotent neural stem cells and their differentiated progeny. To test this hypothesis directly, we cultured neural stem cells (Reynolds and Weiss, 1992 ) from the brain of E16.5 mouse embryos, collected cell lysates, and performed Western blotting analysis with panTLE antibodies. These studies indeed showed the presence of TLE proteins in lysates from nestin positive (Lendahl et al., 1990 ) neural stem cells (Fig. 1, lane 8) . To monitor TLE expression in differentiated neuronal cells, we cultured E16.5 cortical neurons and performed immunocytochemistry with both panTLE antibodies and antibodies to the neuronal marker, class III /3-tubulin (Geisert and Frankfurter, 1989 ). These studies revealed TLE expression in the nuclei of neurons that were positive for class III /3-tubulin (Fig. 6 ). In addition, TLE immunoreactivity was also observed in the large nuclei of non-neuronal cells that are normally present in preparations of cortical neurons, presumably glial cells (Hertz et al., 1989) . In agreement with this possibility, we observed expression of the TLE proteins in cultured glial cells from postnatal brain tissue (not shown).
Altogether, these results show that TLE expression correlates with cells undergoing fate decisions important for mammalian neurogenesis. In particular, TLE expression in neural stem cells and in both the ventricular and subventricular zone suggests a role in neural specification and acquisition of the neuronaYglia1 fate. Furthermore, their expression in the cortical plate and differentiated neurons and glia suggests a role for the TLE proteins in terminal differentiation and, possibly, in the maintenance of the differentiated state in the nervous system.
TLE expression in the olfactory epithelium
The expression of the TLE genes in the developing nervous system suggested that their products may be expressed in the olfactory epithelium, where neurogenesis is not limited to embryonic and early postnatal stages, but continues throughout adult life. The olfactory epithelium is composed of four cell types, distinguishable by their morphology and location (reviewed in Graziadei and Monti Graziadei, 1979) . The apical surface of the epithelium is lined with a layer of simple epithelial cells termed sustentacular cells. Our studies revealed little or no detectable expression of TLE I (Figs. 7A,B ) in these cells, in agreement with our previous studies showing little or no TLE expression in differentiated epithelial cells (Zagouras et al., 1995; Liu et al., unpublished) . In contrast, TLE I expression was detected in regions containing the other three cell types of the olfactory epithelium of both El6 embryos and newborn mice (Figs. 7A,B) . Transcripts were present in the layers containing mature olfactory neurons, as well as on the basal side of the olfactory epithelium, where the presumed neuronal progenitors, the horizontal and globose basal cells, are located (Figs.  7A,B) . Expression was also detected in cells of the basal lamina beneath the olfactory epithelium. In contrast to the robust TL.E 1 expression, we could only detect very low levels of TLE 3 transcripts in the olfactory epithelium (not shown). Antibody staining confirmed these ISH results (not shown), demonstrating TLE expression in the olfactory epithelium as early as E12.5 (Fig. 4B) .
These results implicate the TLE proteins in olfactory neurogenesis and are in agreement with TLE expression in epithelial and neural tissues. In the former, expression is high in immature cells and either ceases or decreases in differentiated cells (Zagouras et al., 1995; Liu et al., unpublished) . In the latter, expression persists in differentiated cells (Figs. 5 and 6 ).
Discussion
The Notch cell-cell communication mechanism controls a number of developmental pathways where different cell fates are specified from populations of initially equivalent precursor cells. Cell-fate decisions fundamental to many developmental pathways in species as distant as nematodes and humans have been shown to be controlled by conserved mechanisms involving the function of the Notch cascade (reviewed in Greenwald and Rubin, 1992; Artavanis-Tsakonas et al., 1995) . We have previously reported the identification of a family of mammalian genes, designated as TLE l-4, homologous to Drosophila groucho, which encodes a nuclear protein that is thought to act at the endpoint of the. Notch cascade (reviewed in Artavanis-Tsakonas et al., 1995) . To improve our understanding of TLE function, we have now determined the expression profile of TU I and TLE 3 during mouse embryonic development. Our analysis shows that TLE expression correlates with developmentally immature precursor cells that are facing fate choices important for the establishment of the segmented axis and nervous system of the mammalian embryo.
TLE expression during somitogenesis and axial skeletogenesis
One of the earliest events where TLE expression correlates with cell-fate acquisition is the process of somitogenesis. The formation of epithelial somites from the mesoderm flanking the notochord and neural tube is the first step in the specification of a variety of cell types, including precursors to vertebrae, ribs, axial and limb muscles, and dermis (reviewed in Keynes and Stern, 1988; Tam and Trainor, 1994) . During somite formation, pluripotent presomitic mesodermal cells undergo a mesodermal-to-epithelial fate change that leads to the formation of spherical epithelial structures termed epithelial somites. As somites mature, the more ventrally located cells neighboring the notochord undergo an epithelial-tomesenchymal fate transition that leads to the formation of the sclerotome, the precursor of the vertebral column. The more dorsally located cells remain epithelial and give rise to the dermomyotome, the dorsal structure from which dermatome and myotome arise.
We have shown that during somitogenesis the TLE 1
and TLE 3 genes are expressed in developmentally immature cells that are making fate choices. In the presomitic mesoderm, they are expressed at the time when multipotent cells are confronted with the decision of whether or not to enter the epithelialization program. Later during somitogenesis, when somites become patterned into ventral mesenchymal sclerotome and dorsal epithelial dermomyotome, TLE 1 and TLE 3 are expressed in sclerotomal cells that will form the perichordal tube and in dermomyotomal cells, suggesting that these genes are involved in cell-fate decisions important for the specification of both skeletal and muscle structures of the body axis. Together with the demonstrated role of Groucho during Drosophila embryonic segmentation (Paroush et al., 1994) , these results implicate at least certain TLE genes in the establishment of the segmented structure of the developing mammalian embryo.
It is important to comment on the possibility that TLE function during somitogenesis may be part of the Notch signaling mechanism. Our studies show that TLE expression during segmentation overlaps in several instances with the expression of a number of vertebrate homologues of genes implicated in Notch signaling in Drosophila. During early somitogenesis, these include Notch1 and Notch2 (Franc0 de1 Amo et al., 1992; Reaume et al., 1992; Swiatek et al., 1994) , which are expressed in pre- somitic mesodermal cells prior to their commitment to the epithelial somite fate and then become gradually downregulated after somite condensation (Swiatek et al., 1994) , as well as Delta-l, which is expressed in the presomitic mesoderm of developing chicken embryos (Henrique et al., 1995) . In addition, the expression of members of the HES family of hairy/Enhancer of split-related genes overlaps with TLE expression in the developing vertebral column of murine embryos . These observations suggest that these proteins may be part of common pathways during the development of somites and somitic derivatives. Although phenotypic analysis of mice carrying null alleles of Notchl shows that Notch signaling is required during somitogenesis (Swiatek et al., 1994; Conlon et al., 1995) , the molecular details of this cell-cell communication mechanism during segmentation are not clear yet. The analysis of TLE function may therefore provide useful insights into Notch signaling during somitogenesis.
For instance, although our knowledge of HES protein expression during somitogenesis is limited, it is possible that TLE and HES proteins may interact during mammalian embryonic segmentation in a manner similar to their Drosophila counterparts.
Their interactions may in turn modulate the intracellular function(s) of the Notch cascade during at least certain steps of this complex developmental pathway.
TLE expression during nervous system development
The involvement of grouch0 in Drosophila neurogenesis is well documented (Schrons et al., 1992) . Groucho mediates the inhibitory lateral specification mechanism that is initiated by activation of the Notch receptor and ultimately results in the inactivation of the functions of the proneural genes of the achaete-scute complex (Ohsako et al., 1994; Van Doren et al., 1994) . Inhibition of proneural gene expression requires Groucho activity in combination with bHLH proteins of the Hairy/Enhancer of split family (Ohsako et al., 1994; Paroush et al., 1994; Van Doren et al., 1994) . This action restricts the number of presumptive neuroblasts and renders their neighbors competent to enter the epidermal lineage.
A number of our present observations implicate the TLE genes in development of the mammalian central nervous system. First, we detected TLE expression in neuroepithelial cells of the neural tube at embryonic stages preceding the first overt signs of neuronal differentiation (Figs. 2D and 4A) . Second, TLE expression marked both the ventricular and subventricular zone of the developing spinal cord and brain vesicles (Fig. 5) where neural progenitor cells and postmitotic neurons are located, respectively (Bayer and Altman, 1995) . Third, we have shown that TLE proteins are expressed in pluri-potent neural stem cells isolated from the ventricular zone of the lateral ventricles (Fig. 1) . These cells have the ability to differentiate into both neuronal and glial lineages (Reynolds and Weiss, 1992) . Fourth, we have shown that TLE expression persists in the cortical plate (Fig. 5) , where postmitotic neurons migrate and ultimately acquire their specific phenotypes, as well as in differentiated neuronal and glial cells (Fig. 6) . These results are consistent with the possibility that the TLE proteins are involved in the specification of neural lineages in the developing mammalian nervous system. In particular, expression in neural progenitor cells of the ventricular zone suggests that the TLE proteins may be involved in the transition from stem cells to proliferating blast cells of the neuroepithelium. Expression in the subventricular zone suggests that these proteins may play a role in the fate of prospective neuronal cells that have withdrawn from the cell cycle but have not yet acquired their neuronal phenotype. Finally, expression in the cortical plate and differentiated neurons suggests that the TLE proteins may also be involved in the acquisition and maintenance of the differentiated neuronal and glial state, in addition to the initial specification of neural lineages.
As in the case of somite development, it is important to notice how the neural expression pattern of the TLE proteins overlaps temporally and, in most cases, spatially with the expression of other vertebrate homologues of members of the Notch pathway. Murine Notch genes are co-expressed with TLE genes in the ventricular zone of the developing spinal cord and brain vesicles (Franc0 de1 Amo et al., 1992; Reaume et al., 1992; Weinmaster et al., 1992; Lardelli et al., 1994; Lindsell et al., 1995) . Homologues of genes encoding Notch ligands also exhibit similar expression patterns: Delta-l Henrique et al., 1995) , as well as Jagged, one of the Serr&e counterparts (Lindsell et al., 1995) , are transcribed in the neuroepithelium concomitant with neuronal specification. A role in neural determination in Xenopus was demonstrated for both Notch and Delta genes: constitutive activation of Notch 1, as well as overexpression of Delta-l produce a similar inhibition of primary neurogenesis (Coffman et al., 1993; Chitnis et al., 1995) . These effects are analogous to the phenotypes associated with similar mutations of the Notch and Delta genes in Drosophila (reviewed in Artavanis-Tsakonas et al., 1995) . Moreover, the HES-1 and HES-5 genes, related to the h&y/Enhancer of split family, are also co-expressed with TLE, Notch, Delta, and Jagged genes (Akazawa et al., 1992; Sasai et al., 1992) . Persistent expression of HES-1 in the ventricular zone of mouse embryos inhibits neural determination (Ishibashi et al., 1994) , in agreement with the inhibitory role of Hairy/Enhancer of split proteins during Drosophila neurogenesis. Finally, Mash-l (Guillemot and Joyner, 1993) and Xush-3 (Zimmerman et al., 1993) , vertebrate homologues of the achaete-scute genes, the proneural genes whose expression is downregulated by Notch signaling in Drosophila (reviewed in Ghysen et al., 1993) , also display similar expression paiterns in the embryonic spinal cord. In particular, Xush-3 function can be influenced by an activated form of Xenopus Notch (Kopan et al., 1994) , suggesting that Notch signaling may control conserved mechanisms during invertebrate and vertebrate neurogenesis.
In summary, our studies show that TLE expression correlates with cell-determination events important for mouse embryonic segmentation and neural development. Our results also show that TLE genes are co-expressed during a number of cell-fate choices with several other homologues of members of the Drosophila Notch signaling pathway. These observations raise the interesting possibility that at least certain TLE proteins may participate in Notch signaling in vertebrates in a manner similar to Drosophila Groucho.
Experimental procedures

Preparation of TLE riboprobes
Individual TLE-specific probes were amplified from the least conserved regions of human TLE cDNAs by PCR (Stifani et al., 1992) . The TLE I probe encompasses the triplets encoding amino acids 290 through 375 of human TLE 1. In this region, TLE 1 is 48%, 67%, and 64% identical to TLE 2, TLE 3 and TLE 4, respectively. The TLE 3 probe encompasses the triplets encoding amino acids 273-386 of human TLE 3. In this region, TLE 3 is 67%, 43%, and 55% identical to TLE I, TLE 2, and TLE 4, respectively. The sequence identity between human and mouse TLE 3 in the region corresponding to our TLE 3 probe is 92% (Stifani et al., 1992; Miyasaka et al., 1993) . PCR products were subcloned into Bluescript and both sense and antisense riboprobes were generated by transcription in the presence of digoxigenin 11 UTP using either the T3 or T7 RNA polymerase. Restriction fragments of different TLE cDNAs were recognized only by the corresponding TLE 1 or TLE 3 riboprobes on Southern blots and different transcripts were recognized on Northern blots (not shown).
In situ hybridization (ISH)
ISH was performed essentially as described in Wilkinson and Green (1990) . Briefly, embryos were dissected, washed with ice-cold PBS, and fixed at 4°C in 4% paraformaldehyde in PBS for 1648 h. Fixed embryos were dehydrated, embedded in paraffin, and 5-7 pm sections were cut. Sections were deparaffinized and rehydrated through graded alcohol series, and tissues were treated with 5.Opg/ml of proteinase K for 10-20 min. After a 2 h pre-hybridization period, hybridizations were carried out in 50% formamide, 5 X SSC, 2X Denhardt's solution, 0.1% dextran sulfate, 0.1% SDS, 250pg/ml salmon sperm DNA, 25Opg/ml yeast tRNA, containing either sense or antisense probes (50 pg/,l of TLE 3 probes or 400 pgf,,l of TLE I probes). Hybridizations were performed at 45'C for 16-18 h, followed by two washes (10 min each) at room temperature in 2x SSC, two washes at 55°C in 0.2X SSC, and two washes at 58°C in 0.1 X SSC. Probe detection was according to the manufacturer's specifications (Boehringer Mannheim) using a 1: 1500 dilution of anti-digoxigenin antibody, followed by calorimetric detection with alkaline phosphatase. Tissues were then dehydrated through graded alcohol series and xylenes and mounted with Permount medium. For the preparation of frozen sections, embryos were fixed in 4% paraformaldehyde, transferred to 30% sucrose, and embedded in OCT (TissueTek) compound.
15-20pm sections were cut and used for ISH. Control experiments with sense riboprobes revealed either no or low, sporadic levels of hybridization.
Immunohistochemistry
Paraffin-embedded sections were deparaffinized and subjected to immunohistochemistry with a 1:lO dilution of a panTLE monoclonal supernatant (Stifani et al., 1992) as described in Zagouras et al. (1995) . After antibody staining, tissues were counterstained with eosin. Negative results were obtained in control experiments with irrelevant monoclonal and polyclonal antibodies (not shown).
Cell culture and immunological studies
Neural stem cells from El6 embryonic brain were cultured exactly as described in Reynolds and Weiss (1992) . After proliferating for approximately 1 week in the presence of EGF, cells were collected, washed, and lysed as described in Stifani et al. (1992) . An aliquot of the cell suspension was saved for immunocytochemistry with antibodies against the stem cell marker, nestin (Lendahl et al., 1990) . El6 embryonic cortical neurons were prepared exactly as described in Hertz et al. (1989) . Immunocytochemistry was as described in Stifani et al. (1992) using either a panTLE monoclonal supernatant (Stifani et. al, 1992) (1:lO dilution), an anti-class III Btubulin monoclonal supernatant (Geisert and Frankfurter, 1989) (l:lO) , or an anti-nestin polyclonal antibody (Lendahl et al., 1990) (1:lOOO). Embryonic or tissue lysates were prepared from whole staged embryos (unless otherwise indicated) as described in Stifani et al. (1992) . SDS-polyacrylamide gel electrophoresis, transfer to nitrocellulose, and Western blotting with a panTLE monoclonal supernatant (1:lO) were as described in Stifani et al. (1992) .
